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The  growing  importance  of monoclonal  antibodies  and  virus particles  has  led  to  a pressure  for  faster
size  exclusion  chromatography.  In recent  years,  numerous  small  particle  columns  for size  exclusion
chromatography  of  biologicals  have  been  introduced.  Small  particles  are  a strategy  to  reduce  analysis
time.  In the following  study,  opportunities  of  small  particles  in  size  exclusion  chromatography  of  large
biomolecules  are  investigated.  Poppe  plots  reveal  that  the  lower  particle  size  limit  depends  on  the  size
of the  sample  molecule.  Hydrodynamic  radii  of monoclonal  antibody  monomer,  aggregates  and  H1N1
as well  as the diffusion  coefﬁcients  were  determined.  Considering  this  sample  compound  dependency,
kinetic  plots  referring  to  the resolution  of  a distinct  compound  pair  instead  of  the  plate  number  of  a  single
analyte  are  more  meaningful.  Plate  times  were found  to be equivalent  with  4  and  2  m  particles  for  airions
article size
monoclonal  antibody  aggregate  separation  at  resolutions  smaller  than  1.8.  Quantiﬁcation  of  a H1N1  in
clariﬁed cell  culture  can  be accomplished  with  17  m and  13  m particles  at equal  plate  times  at  resolu-
tions  smaller  than  2.5.  Virus  polydispersity  is likely  to be affected  by  run  times  of  several  hours  at  room
temperature  and  shear  forces  resulting  from  particles  smaller  than  10 m. Comparatively  high  ﬂow  rates
should be  applied  in  size  exclusion  chromatography  of  the  100  nm  H1N1  virions.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Size exclusion chromatography (SEC) is a versatile chromato-
raphic technique for the qualitative and quantitative analysis
f biomolecules. Beneﬁts of the method are high reproducibility,
traight-forward method development and mild analysis condi-
ions. In recent years, numerous columns and column formats for
EC of biomolecules have been introduced. Smaller particle sizes
re promising with regards to resolution and plate numbers. Knox
uggested in 1977 the use of 1 to 2 m particles for economic and
fﬁcient liquid chromatography [1,2]. The trend toward smaller
articles has originally emerged in reversed phase chromatogra-
hy. Numerous publications [3,4] describe advantages of the sub
 m particles, which include also protein applications of reversed
hase chromatography [5]. After years of mostly theoretical con-
iderations, columns with nonporous 2 m particles made of silica
ecame commercially available in 1996 [2,4]. Smaller particles
llow accomplishing given reversed phase separation in shorter
nalysis times. Popovici and Schoenmakers came to the conclusion
hat shorter analysis times in SEC can also most likely be realized
∗ Corresponding author. Tel.: +049 6155 7043710; fax: +0049 6155 8357904.
E-mail address: Judith.vajda@tosoh.com (J. Vajda).
ttp://dx.doi.org/10.1016/j.chroma.2015.11.057
021-9673/© 2015 The Authors. Published by Elsevier B.V. This is an open access article
.0/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
when using smaller particles, and reduced analysis times are the
most important motivation to use small particles in SEC. Smaller
particles allow either to reduce the column length or to increase
ﬂow rates [6]. Their conclusions were based on results obtained
with polystyrenes and packed particle beds. A good tool to com-
pare the separation performance of different columns and column
formats are kinetic plots [7]. Various authors have employed dif-
ferent formats of kinetic plots [8–11]. For instance, Poppe plots
were employed to compare superﬁcially and fully porous pack-
ing material with monoliths in reversed phase chromatography
[12]. Separation efﬁciency of convective media had earlier been
evaluated in the light of increasing ﬂow rates by Rodrigues and
co-authors [13,14]. However, to our best knowledge the use of
monoliths for SEC is yet limited to smaller proteins and has com-
paratively lower efﬁciency than SEC columns based on small fully
porous particles [15–17]. Superﬁcially porous particles have a
lower pore volume than fully porous particles. Since separation in
SEC relies on pore volume, superﬁcially porous particles would at
the same column volume provide less separation efﬁciency.
Popovici and Schoenmakers constructed Poppe plots for gel per-
meation chromatography of high molecular weight polystyrenes
[18] based on a reduced van Deemter plot. They found that dif-
fusion of large polystyrenes is not as unfavorable as formerly
thought, which is mainly due to the coupling of mass transfer
 under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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ffects and eddy diffusion as introduced by Knox, Parcher and Gidd-
ngs [19,20]. Poppe plots for small molecules strive asymptotically
oward a plate time minimum at high ﬂow rates. According to the
esults of Popovici and Schoenmakers, this does not hold true for
olystyrenes with diffusion coefﬁcients in the range of 10−7 cm2/s
18]. The plate time decreases with decreasing plate numbers even
t high ﬂow rates, which means that less challenging separations
an be realized at high ﬂow rates and shorter analysis times [18].
his may  be a general principle for molecules with similar diffusiv-
ty. Diffusion coefﬁcients of typical biopharmaceutical molecules
ike monoclonal antibodies (mAbs) and virus particles are small
ompared to small molecules. Typical diffusion coefﬁcients for
mall molecules in aqueous solution are in the range of 10−6 cm2/s
21]. Diffusion coefﬁcients for IgG molecules are one order of mag-
itude smaller [22]. This paper intends to discuss the applicability
f Poppe plots for SEC of typical biologicals by means of separa-
ions with different particle sizes. Practical limits of fast SEC, namely
olumn stability at increased ﬂow, are considered.
. Theory
SEC discriminates compounds regarding their hydrodynamic
adius. The diffusion coefﬁcient is inversely proportional to the
ydrodynamic radius of a globular protein by the Stokes Einstein
quation [23]. Tanford developed an equation that links the hydro-
ynamic radius rh of a globular protein to the cube root of its
olecular weight MW (Eq. (1)) [23,24].
h ≈ 0.081 · 3
√
MW (1)
The molecular weight of a protein is logarithmically related to
he distribution coefﬁcient KD of a sample in size exclusion chro-
atography with k and c as empirical constants [23].
D = −k · log MW + c (2)
Eqs. (1) and (2) and the Stokes Einstein equation yield a loga-
ithmic cubic relationship between the diffusion coefﬁcient and the
electivity determining constant KD in size exclusion chromatogra-
hy (Eq. (3)).
D ≈ −k · log
((
5.7kB · T
6D
)3)
+ c (3)
T represents the Temperature,  the dynamic viscosity and kB the
oltzmann’s constant. The diffusion coefﬁcient of H1N1 is smaller
han the diffusion coefﬁcient of mAb  monomer by one order of
agnitude. The diffusions coefﬁcient of mAb  may  be considered
epresentative for host cell proteins in the virus sample. For a given
olumn and sample type, k and c can be considered constant. Eq. (3)
redicts that changes in D will have more impact on KD if sample
iffusivity is low, such as for large molecules. Values between KD
re in the range of 0.0 and 1.0. The impact of KD and D on H with
elation to particle size dp is given by the following equation [25].
 = 2D (1 + KD)
u
+ 2dp + 0.6u
(
KD
(1 + KD)2
· d
2
p
D
)
(4)
Similar equations correlating HETP with sample diffusivity and
article size have been formed by different authors and can be
ound in literature [17,26]. A more basic correlation of HETP and is given by the van Deemter plot, which is frequently used to
onstruct kinetic plots. Kinetic plots relate the plate time or col-
mn  void volume to the plate count or the peak capacity [9]. Poppe
lots represent a particular kinetic plot, where the plate time tp, 1426 (2015) 118–125 119
which is the time required to achieve one plate, is plotted on the
y-axis. The plate time can be described by the following equation:
tp = H
u
(5)
The plate time is plotted against the number of plates N required
for a given separation. N depends on the column length L and H as
can be described by the following equation:
N = L
H
(6)
N and H are related by the Darcy equation (Eq. (7)) at a given
ﬂow rate u1. Plate times of small molecule separations are nearly
constant until a critical required plate number is reached. At
this threshold value, plate times increase exponentially and strive
toward an inﬁnite value at the maximum plate number for a given
column and sample. Flow rates or backpressures providing a good
compromise between column efﬁciency (that is plate number) and
fast separations can be obtained from Poppe plots and vice versa. A
comparative approach allows evaluating different column formats
and stationary phases. In the current study, regression of actual
H(u) data yields correlations for each sample and column. The Darcy
equation can be used to calculate N(u) for a given column, eluent,
pressure and ﬂow rate (Eq. (7)).
p  = u∅L
d2p
= u∅HN
d2p
(7)
p is the pressure drop across the column and depends
on the ﬂow rate. Dynamic viscosity  of water at 298 K is
0.891 × 10−3 kg/(ms) [27]. Flow resistance factors ø are calculated
by the Darcy equation (Eq. (7)) at the standard ﬂow rate of every
column and the resulting pressure. The Darcy equation is further
used to calculate the corresponding p  at a given ﬂow rate. A pair
of variates for N and H/u is calculated for u0, u1. . .umax and Poppe
plots are constructed numerically.
3. Materials and methods
3.1. Samples & standards
p-Amino benzoic acid (pABA) (Sigma Aldrich, Taufkirchen,
Germany) was used for TSKgel SW column performance tests. A
solution of 5% acetone (Sigma Aldrich) in water was used to test
performance of TSKgel PW SEC columns. A mAb from Chinese
hamster ovary cell culture was puriﬁed by preparative Protein
A chromatography with TOYOPEARL AF-rProtein A-HC 650F. The
mAb  was  eluted from Protein A with 100 mM sodium acetate buffer
at pH 3.5. pH of the post-Protein A pool was  elevated to pH 6.5 by
addition of 0.5 M disodium hydrogen phosphate. The solution was
diluted to 0.71 g/L and stored at 2–8 ◦C.
A pandemic inﬂuenza type A H1N1 virus was produced in
adherent Madin-Darby Bovine Kidney bioreactor cell culture. This
feedstream was  kindly provided by IDT Biologika GmbH, Dessau-
Rosslau, Germany. The feedstream was concentrated 20-fold vol-
umetrically and contained 4.11 log hemagglutination units/100 L.
Inactivation was  accomplished with -propriolactone. The applied
hemagglutination assay protocol by Kalbfuß [28] was adapted from
Mahy and Kagro [29].
3.2. Protein size exclusion chromatography columns
TSKgel SW columns were chosen for mAb  analysis. Packing
material of these columns is based on diol bonded silica particles.
Pore size of the TSKgel SW columns used in this study was  250 A˚.
TSKgel SuperSW3000 and TSKgel UP-SW3000 (all Tosoh Bioscience
GmbH, Griesheim, Germany) are available in 4.6 mm ID × 30 cm L.
1 togr. A 1426 (2015) 118–125
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Fig. 1. Diffusion coefﬁcients and sizes of the sample molecules. (A): Hydrodynamic20 J. Vajda et al. / J. Chroma
orresponding particle sizes are 4 m and 2 m.  Particle sizes are
ean values and were determined with a Coulter counter. Custom
ade columns with the same pore size and 5 m as well as 10 m
articles were used in 4.6 mm ID × 30 cm L hardware.
.3. H1N1 size exclusion chromatography columns
TSKgel G6000PW, TSKgel G6000PWxl and TSKgel G-DNA PW
all Tosoh Bioscience) are based on highly crosslinked hydroxylated
olymethacrylate particles. Corresponding mean particle sizes are
7 m,  13 m and 10 m and were determined with a Coulter
ounter. Pore size of all particles is >1000 A˚. TSKgel G6000PW
articles are packed into a 7.5 mm ID × 30 cm L format. Column
ardware dimensions of TSKgel G6000PWxl and G-DNA PW is
.8 mm ID × 30 cm L.
.4. Hydrodynamic radius and diffusion coefﬁcient measurements
Hydrodynamic radii and diffusion coefﬁcients of the samples
ere determined with a DelsaMax Pro dynamic light scattering
DLS) instrument (Beckman, Pasadena, USA). Each DLS mea-
urement consisted of 30 individual measurements and was
etermined in triplicates. MAb  monomer and dimer were puri-
ed by semi-preparative SEC using TSKgel G3000SW (7.5 mm
D × 30 cm L). 1 mL  post-Protein A pool was injected per run.
he separation was accomplished in 100 mM sodium phosphate
uffer + 100 mM sodium sulfate, pH 6.7 at 0.5 mL/min. Dimers and
onomers were collected separately and manually injected into
he DLS device. Separation of H1N1 from host cell proteins was
ccomplished by preparative SEC using TOYOPEARL HW-65F. The
tationary phase was packed into a 26 mm inner diameter glass
olumn (GE Healthcare, Uppsala, Sweden) to a bed height of 22 cm.
 mL  of the H1N1 feedstock were injected per run. 100 mM sodium
hosphate buffer, pH 7.0 was used for preparative SEC. The linear
ow was 135 cm/h. H1N1 eluate was collected and analyzed by DLS.
.5. Analytical size exclusion chromatography
The protein SEC buffer consisted of 100 mM sodium phosphate,
00 mM sodium sulfate, pH 6.7 and 0.05% sodium azide. Analyt-
cal H1N1 SEC was accomplished in 100 mM sodium phosphate,
00 mM sodium chloride, pH 7.0. All chemicals were purchased
rom Merck Millipore, Darmstadt Germany. Buffers were ﬁltered
hrough 0.1 m membranes from Merck Millipore. Columns were
onnected to a Dionex UHPLC Ultimate 3000 RS system (Thermo
isher, Dreieich, Germany). UV absorbance was detected at 280 nm.
he lowest applied ﬂow rate was 0.05 mL/min. The volumetric
ow was accelerated gradually by 0.05 mL/min until the standard
est procedure revealed column deterioration. Standard tests were
nterlaced at every ﬂow rate increase by 0.2 mL/min. Once a test
evealed column deterioration, ﬂow rates equal or higher to the
reviously tested ones were excluded from kinetic plot construc-
ion. Conditions for column testing were chosen according to the
nspection data sheet. Samples were injected at least in duplets.
eight equivalent of a theoretical plate (HETP) values were deter-
ined by automated software integration for best reproducibility.
. Results and discussion
.1. Hydrodynamic radii and diffusion coefﬁcients
Diffusion coefﬁcients and hydrodynamic radii of mAb monomer,
Ab  dimer and H1N1 determined by DLS are presented in Table 1.
he hydrodynamic radii of mAb  monomer and dimer are 5.2 and
.8 nm.  H1N1 has a hydrodynamic radius of 108.3 nm.  Diffusion
oefﬁcients of mAb  are greater than the diffusion coefﬁcient ofradii of H1N1, mAb  monomer and mAb dimer determined by DLS and the lengthwise
size  of pABA are plotted. (B): Diffusion coefﬁcients of pABA, mAb  monomer, mAb
dimer and H1N1. Corresponding data of pABA was obtained from the literature.
H1N1 by one order of magnitude. Diffusion coefﬁcients of small
molecules, such as pABA are greater than the ones determined for
mAb or H1N1. The lengthwise extension of pABA is approximately
0.5 nm [30]. The diffusion coefﬁcient of pABA is 8.43 × 10−6 cm2/s
[41]. Results and corresponding standard deviations are displayed
in Fig. 1A and B. Diffusion coefﬁcients and sizes of the molecules
correlate inversely, which is expected. From this data, it could be
concluded that normalizing H(u) relationships to the diffusion coef-
ﬁcient will allow straight-forward access to kinetic plots for a given
sample molecule provided the diffusion coefﬁcient is known. This
has been demonstrated for SEC of polystyrenes [18]. However,
polystyrenes are more uniform than large biomolecules and no
shift in diffusivity due to changes in the analyte conformation is
expected.
4.2. Poppe plots
Exemplary chromatograms of the mAb  and virus sample at
different ﬂow rates are shown in Fig. 2. Unsurprisingly, mAb aggre-
gates are better resolved at slow ﬂow rates and monomer peaks
are more efﬁciently separated. In contrast, the virus particle peak
is broader at slow ﬂow rates. Poppe plots based on actual H(u) rela-
tions are constructed for mAb, mAb  aggregates and H1N1 (Fig. 4).
Regression functions of the van Deemter plots (Fig. 3A–C) and the
Darcy equation were used. Van Deemter curves of mAb  can be
described by linear regression, which is expected for biopolymers
like proteins. Due to the lower diffusivity of virions, linear H(u) cor-
relations are as well expected in case of H1N1. However, it can be
seen in Fig. 3C that an additional hyperbolic term is required to
J. Vajda et al. / J. Chromatogr. A 1426 (2015) 118–125 121
Table  1
Diffusion coefﬁcients and hydrodynamic radii determined by DLS.
Sample Diffusion coefﬁcient [m2/s] Hydrodynamic radius [nm] Buffer system
mAb  monomer 4.66E − 11 5.2 100 mM sodium phosphate + 100 mM sodium sulfate pH 6.7
mAb  dimer 3.63E − 11 6.8
H1N1  4.58E − 12 108.3 
Fig. 2. SEC chromatograms of the mAb  sample (A) on 2 m particles and the virus
sample (B) on 10 m particles at different ﬂow rates as indicated in the chro-
matograms. In ﬁgure (A), peak 1 and 2 correspond to aggregates and monomers,
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apparent maximum plate number achieved for a particular plateespectively. Peak 1 represents the virion in ﬁgure (B) and the second group of peaks
orresponds to host cell proteins.
pproximate H(u) relationships. Although the reduced plate height
quation as introduced by Giddings [31] contains the inverse B
erm, it seems that it still has limited applicability to large frag-
le biological samples. Different biological compounds cannot be
ormalized using the diffusion coefﬁcient. The decay of HETP with
ncreasing ﬂow rate is probably due to virus particle instability
nd not due to strong longitudinal diffusion. The applied low ﬂow
ates result in analysis times as long as 6 h. Virus feedstock sam-
les seem to degrade when eluting through a chromatography
olumn at room temperature for such a long time. Additionally,
t has been shown that band broadening in SEC is particularly great
lose to the total exclusion volume of a column but smaller as
xpected at high ﬂow rates [20]. H1N1 virus particles elute close
o the exclusion volume of the tested columns. These concerting
ffects seem to balance the HETP increase at higher ﬂow rates due100 mM sodium phosphate + 100 mM sodium sulfate pH 6.7
100 mM sodium phosphate pH 7.0
to mass transfer problems. Another point to consider is that large
pores may  contribute to improved mass transfer characteristics of
porous particles. Afeyan et al. attributed coupling of diffusive mass
transport and convective ﬂow to particles with mesopores in the
range of 6000 to 8000 A˚  [32]. They could show that reduced plate
heights of such packing materials are nearly independent from
the applied ﬂow rates. Potential secondary interactions should be
similar with all of the columns tested with virus particles, since
they are all based on the same backbone chemistry. Secondary
interactions with a low mass transfer may  inﬂuence separations of
virus particles at very low ﬂow rates. Such additional interactions
could partly be responsible for the broadened peaks. The presence
of such interactions prohibits the use of Poppe plots constructed
from reduced van Deemter curves. A comparative approach with
experimental H(u) relations however seems still useful to obtain
optimum ﬂow conditions. C-terms of the constructed van Deemter
curves are smaller for smaller packing material particles, which
is in accordance with results published in literature [4,17,33] and
is described by equation 4. Shape, steepness and ordinate of van
Deemter curves are reﬂected in the different Poppe plots, which
are shown in Fig. 4A–C. Constructed Poppe plots account for the
actual experimental space, which is limited by column stability and
possible automatic software integration. The constructed plots do
not resemble conventional Poppe plots for small molecules. The
horizontal part of the plot is not reached, due to pressure con-
straints. This holds true for mAb  monomers, dimers and H1N1. MAb
monomer and dimer plots strive toward maximum plate numbers
for a given particle size at very low ﬂow rates. Highest plate num-
bers and resolution are achieved with the smallest applied particle
size. Similar results have been reported for the separation of mAb
light and heavy chains with various SEC particles sizes ranging from
5 to 10 m [17,34]. In another publication, Diederich et al. com-
pare columns with particle sizes ranging from 1.7 m to 5 m for
mAb  aggregate detection [17,35]. However, in this particular case
pore size of the tested columns was  not equivalent. Required plate
times to reach the maximum plate number of the herein acquired
data decrease with smaller particles. It can be seen from the plots
that small particles allow to accomplish a given plate number at
signiﬁcantly shorter plate times, but the maximum plate number
does not increase strongly at very low ﬂow rates. The offset in y-
direction of the curves is greater than the x-wise shift. Reduction
of analysis time could be accomplished for a given plate number
by reducing the column length of a small particle column. Poppe
plots for H1N1 are less typically shaped. A relation between increas-
ing plate times and increasing plate numbers is only valid for the
lower part of the Poppe plots and 13 m as well as 17 m par-
ticles. Data generated for 10 m particles, which are the smallest
particles used with H1N1 does not show this trend. Instead, highest
plate numbers are achieved at fastest ﬂow rates. This is also true
when exceeding the point of return of the curves prepared from
17 and 13 m particle data. Mathematically, this is because the
H(u) relations extrapolated from the van Deemter plots of H1N1
(Fig. 3C) contain a comparatively strong hyperbolic term. One con-
clusion to be drawn from the H1N1 Poppe plots (Fig. 4C) is thetime. The corresponding plate time is approximately 0.45 s in case
of the 13 and 17 m particles. This means that ﬂow rates in SEC
of very large and sensitive samples should not only be considered
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n the light of analysis time counteracting to column performance.
ample degradation may  lead to greater polydispersity, which in
urn does result in an increased HETP. HA activity (data not shown)
ecreases after 24 h at 4 ◦C and the samples start to turn turbid.
t can be assumed that the integrity of virus particles is affected.
ow ﬂow rates and analysis times of several hours at room tem-
erature are likely to introduce similar effects. Any conditions that
ould potentially modify sample composition should be avoided to
nsure data generated by SEC is reﬂecting the actual sample poly-
ispersity. H(u) correlations such as equation 4 do not account for
ample stability and cannot serve as an theoretical and exclusive
ool to determine optimum ﬂow conditions.
If the Poppe data of all compounds were normalized against
article size, variance was obtained for each compound. Maximum
late numbers for all samples increase to a higher degree if par-
icle size is halved from 10 to 5 m (decreased from 17 m to
3 m for H1N1) as in case of a particle size reduction from 4
o 2 m (decreased from 13 m to 10 m for H1N1). The extent
o which reducing stationary phase particle size increases plate
umbers decrements. It seems like critical particle size becomes
he greater the larger sample molecules are. Particle size limits in
olumn chromatography have previously been described in litera-
ure. Gregg suggests that the minimum particles size is 1–10 m,
ecause smaller particles will lead to elongated run times pro-
ided backpressure is a limiting factor [26,36]. Almost 25 years
ater, Halász et al. concluded on a 1 m stationary phase particle
ize limit in reversed phase high pressure liquid chromatography
HPLC) with small molecules. In HPLC, or another 35 years after
ig. 3. van Deemter plots of mAb  monomer (A), mAb  aggregates (B), H1N1 (C). Particle si
hollow rhomb). Particle sizes in (C) are 10 m (bold dot), 13 m (bold rhomb) and 17 
ata  set. 1426 (2015) 118–125
invention of UHPLC, pressure limits of the chromatographic equip-
ment are not an issue anymore. Column pressure drops still imply
a 1 m limit on particle size. One reason for this is that frictional
heating causes viscosity gradients inside a column [26]. The tem-
perature increase of water per 100 atm is 2.43 ◦C [26]. Temperature
sensitive and large samples like proteins and virus particles may
be affected with regards to sample integrity and diffusivity. Addi-
tionally, thermal conductivity of 1 m silica particles is poorer
compared to sand powders with particle sizes in the range of 75
to 250 m [37], which means that smaller particle sizes support
thermal gradients inside of a chromatography column.
Packing material particle size is in the range of 10−6 m and
obtained diffusion coefﬁcients are in the range of 10−11 m2/s.
According to equation 4, dp gains impact on HETP for small D and
small particles are thought to be especially beneﬁcial for SEC of
large particles. However, this approximation does not account for
fragile compounds prone to sample degradation due to shear forces,
frictional heating or inﬂuences from hydrodynamic chromatogra-
phy. Smaller particles lead to greater shear forces stressing sample
molecules in the column [38]. It can be speculated, that shear
forces imply a particle size limit of approximately 10 m to SEC
of inﬂuenza virus particles with the herein tested polymethacry-
late resin. Analysis of the comparatively more robust mAbs does
beneﬁt from 2 m particles. This observation leads to some further
conclusions: The purpose of SEC of proteins and virions is often to
quantify these biologics and potentially present contaminants, such
as aggregates, fragments or host cell proteins. This is an important
difference to SEC of large polymers like polystyrene. One  goal of
zes in (A) and (B) are 2 m (bold dot), 4 m (bold rhomb), 5 m (circle) and 10 m
m (circle). Regression curves and corresponding functions are displayed for every
J. Vajda et al. / J. Chromatogr. A 1426 (2015) 118–125 123
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big. 4. Poppe plots of mAb monomer (A), mAb  aggregates (B) and H1N1 (C). Particle
thick  line). Particle sizes in (C) are 10 m (dotted line), 13 m (dashed line) and 17
he latter is to determine the polydispersity index of a sample [20].
n contrast, sample compounds and impurities in SEC of biologicals
re rather distinct compared to large polymer samples and baseline
eparation is desirable. Resolution is an important parameter to dis-
inguish between target component and impurities. This means it is
mportant to look at both molecules of a given separation problem.
or instance, when aiming to determine mAb  aggregate contents
r virion purity from host cell proteins and degradation products.
ccording to these results, Poppe plots have limited applicabil-
ty to real conditions in SEC of biopharmaceuticals. Poppe plots
ind plate numbers and HETP of only one substance. The compari-
on of different stationary phase particle sizes for different sample
olecules has shown that the optimum particles size is different for
olecules with different diffusion coefﬁcients. Kinetic plots based
n resolution could be a good tool to include diffusivity of both
olecules to be separated by SEC. For instance, the lower particle
ize limit for a mAb  aggregate and mAb  fragment separation seem
o be not identical.
.3. Resolution plots
Plotting the plate time against the resolution of a given sepa-
ation allows comparing column performance for a given pair of
ompounds. According to the Poppe plots for mAb  monomer, mAb
ggregates and H1N1, optimum particle size depends on the com-
ound size. Resolution plots are presented in Fig. 5A and B. At low
esolutions, plate times are nearly constant. At higher resolutions,
late time increases and the increment of this increase seems to
epend on particle size. Not surprisingly, smallest particles provide
ighest overall resolution and the plate time will start to increase
omparatively later. For instance, plate time can only be reduced
y using a 2 m particle column, in case a mAb  separation requiresn (A) and (B) are 2 m (dotted line), 4 m (dashed line), 5 m (thin line) and 10 m
continuous line).
a resolution greater than 1.8. Any application requiring less resolu-
tion can be accomplished at equal plate times with a 4 m particle.
Resolution with a 10 m particle does only allow baseline separa-
tion of mAb  aggregates and monomers at plate times close to 10.
This suggests that 4 m or 3 m particles are a good choice for rou-
tine applications. The resulting lower pressure of this particle size is
less challenging for the employed instrumentation. DiCesare et al.
found that particle sizes smaller than 5 m require bypassing loops
in the autosampler valve to reduce a pressure pulse and therewith
related column lifetime issues [39]. Column deterioration by col-
umn  clogging is another issue that occurs more likely with small
particle columns, due to their increased surface area [40]. Column
packings of greater particles are less prone to pressure and or ﬂow
deterioration, as can be seen from the van Deemter curves (Fig. 3).
Displayed graphs do only include data points from columns pass-
ing the interlaced standard test. MAb  monomer and H1N1 data
suggests that packings of greater particles tolerate higher ﬂow
rates, although applied ﬂow rates exceed the speciﬁed range for all
columns. Automated software integration of mAb  aggregate data
with greater particles was  not possible at higher ﬂow rates, since
peaks were too broad. Nevertheless, sophisticated applications take
advantage of smaller particle sizes. Plate times remain compara-
tively short even if resolution needs to be higher than 3.0 or 4.0.
This general trend is also true for the separation of H1N1 particles
from host cell proteins. Although plate times are nearly constant
until a resolution of 2.5 is exceeded. Plate times of the 17 m parti-
cle increase with negative slope. This holds true for the curves of 13
and 10 m particles when a resolution of 3.5 is exceeded. The neg-
ative slope can be interpreted as a result of the stability problems
of H1N1 at very low ﬂow rates. Working at ﬂow rates resulting in
plate times greater than 5 is not to be recommended, since sample
stability is questionable. Resolution of H1N1 and host cell proteins
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Fig. 5. Resolution plots of mAb  aggregate separation (A) and H1N1 separation from
host cell proteins (B). Particle sizes in (A) are 2 m (dotted line), 4 m (dashed line),
5  m thin line and 10 m (thick line). Particle sizes in (B) are 10 m (dotted line),
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4406–4413, http://dx.doi.org/10.1021/ac900364d.3 m (dashed line) and 17 m (continuous line).
s comparatively high for all tested columns. 17 m particles are a
ood choice in case pressure related degradation of a virus particle
ay  occur and resolutions of up to 2.5 are sufﬁcient. Alternatively,
horter columns with smaller particles may  be a good option to
educe analysis time.
. Conclusions
Poppe plots for mAb, mAb  aggregates and H1N1 were con-
tructed from data accomplished with various different particle
izes. From the Poppe plots it can be concluded that small parti-
les lead to much shorter plate times for a given plate number.
mall particles are a convenient tool when aiming for fast SEC sep-
rations. However, the horizontal part of the Poppe plots is of less
ractical signiﬁcance, since very high ﬂow rates lead to column
eterioration, in particular when using small particles. Relative
eneﬁts of small particles for the maximum plate number decrease
ith decreasing diffusivity of the sample (increasing rh). This cor-
elation implies that column performance should be discussed in
ontext of both compounds to be separated from each other. The
erein presented resolution plots may  serve as kinetic plot to eval-
ate SEC separations biologicals. Conclusions on the particle size
f choice can be drawn from these plots. It seems economically
[ 1426 (2015) 118–125
reasonable to use medium particle size for standard applications
that require resolutions ranging from 1.5 to 2.5. Superior perfor-
mance of smaller particles will show advantage if a resolution
greater than 2.5 is required. Plate times for such separations are sig-
niﬁcantly shorter using 2 m particles or smaller. Beneﬁts of small
particles are becoming more important the greater the required
resolution is. Further progress in SEC aiming for even shorter anal-
ysis times may  focus on improved pressure ﬂow characteristics
and column packing. It seems like limits postulated decades ago
sustain, but are individual for a particular sample and column
type.
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